Lung lavage samples from rats treated in a chronic fashion with reserpine had mean increases of 133, 170, and 120% in the total protein, lipid, and carbohydrate contents, respectively, when compared with those of untreated control animals, when these values were expressed in terms of body weight. An acute single ip injection of the /I-adrenergic agent isoproterenol(10 mg) increased the glycoprotein content of pulmonary lavage fluid from control rats approximately 15-19%, but only 9-10% in those from reserpine tieated rats. By contrast, pilocarpine (10 mg), administered in the same manner, caused a 15% increase in the total protein, carbohydrate, and lipid content of lavage samples from control rats and increased these same constituents in the lavage samples of reserpine treated rats 98, 102, and 80%, respectively. The increased total carbohydrate content in the lavage samples of the treated animals was not associated with changes in the percent distribution of neutral sugars, amino sugars, or sialic acid. The. ratio of these various sugar components did not change in the lavage samples of control or reserpine treated rats upon stimulation with either pilocarpine or isoproterenol. The increased total lipid content fround in the lavage samples from the treated rats probably results from an increase in phospholipids. A decrease in phospholipid content qccurred in the lavage samples of reserpine treated rats upon stimulation, while the opposite was observed in those of control animals. Chronic treatment of rats with reserpine. thus, appears to induce an enhanced production of glycoproieins in the airwavs and to interfere with phospholi~id metabolism in m m -the lung. In addition, the drug treatment enhances the secretory response to pilocarpine in comparison with the responses of control animals. The enhanced response or hypersecretion of glycoproteins is a quantitative one and does not seem to involve alterations in the ratios or distribution of the various sugar components. This disturbance in the secretory function of the respiratory tract, a target organ which is prominently involved in cystic fibrosis (CF) together with alterations in other exocrine glands which resemble those of CF patients, makes the reserpine treated rat a useful model for the further study of possible pathogenetic mechanisms in CF.
the lung. In addition, the drug treatment enhances the secretory response to pilocarpine in comparison with the responses of control animals. The enhanced response or hypersecretion of glycoproteins is a quantitative one and does not seem to involve alterations in the ratios or distribution of the various sugar components. This disturbance in the secretory function of the respiratory tract, a target organ which is prominently involved in cystic fibrosis (CF) together with alterations in other exocrine glands which resemble those of CF patients, makes the reserpine treated rat a useful model for the further study of possible pathogenetic mechanisms in CF. Speculation enhanced in the treated animals when compared to that of untreated control rats. It therefore appears that chronic reserpine administration causes a hyperse&tion of glycoproteins and changes in lipid metabolism in the respiratorv tract of the rat and -that, in conjunction with previous findings in other exocrine glands, these effects on lung function make the reserpine treated rat a useful tool for the study of the pathologic disturbance seen in the major exocrine glands affected in CF.
An animal model for CF developed by the chronic administration of reserpine to rats shows not only morphologic and secretory changes in the salivary glands (16, 17, 18, 19) and pancreas (20) , but also alterations in the protein content of pulmonary lavage fluids, involving a significant increase in the total protein content and in the absolute and relative amounts of a low molecular weight glycoprotein, which were also observed in lung lavage samples from patients with CF (28) .
Hypersecretion of mucous in the airways is a prominent feature of CF (7) and several limes of evidence have indicated that there may be alterations in the organic and inorganic composition of CF pulmonary fluids (3, 6, 22) . The reasons for the hypersecretion of mucus in the respiratory tree and in other exocrine glands of the CF patient are unknown and several hypotheses have been proposed to explain it, including the suggestion that it may result from a disturbance in the neurohumoral regulation of exocrine glands (4) . Because pulmonary secretions are also regulated, at least in part, by the autonomic nervous system (5, 26) , it became of interest to investigate the pulmonary secretions of the animal model after stimulation with autonomic agents. In this investigation, we have expanded, therefore, our previous observations on the protein content of unstimulated pulmonary secretions by analyzing the organic composition of pulmonary lavage samples after acute stimulation with pilocarpine and with isoproterenol. An analysis of the total protein, the carbohydrates, and the lipids of lavage fluids from reserpine treated rats was performed in the resting and stimulated conditions. The results were compared to those obtained in paired experiments on untreated control animals.
METHODS AND MATERIALS
The experimental animal model for CF developed by the chronic administration of reserpine to rats has been found to have changes 
. . L -
in the protein conteni of lung lavage samples, in addition-to morphologic and secretory alterations in the salivary glands and Thirty-eight adult male Sprague-Dawley rats (150-200 g) were the pancreas. Further analysis of the organic composition of lung treated with daily ip injections of reserpine (0.5 mg/kg body lavage samples shows that the protein, carbohydrate, and lipid weight) for 7 days. Thirty-four rats, which received either no contents are significantly increased after chronic reserpine admin-injection or a daily saline injection for 7 days were designated as istration and that the response to stimulation with pilocarpine is controls. Twenty-four hr after the last injection, a specified num-760 ber of reserpine-treated and control rats were anesthetized with 8 mg/100 g body weight of sodium pentobarbital and the tracheas were exposed by a midline neck incision and cannulated. The lungs were lavaged with two 12 ml volumes of sterile saline. In other experiments, both control and reserpine-treated rats were also anesthetized on the 8th day and received a 10 mg ip injection of either pilocarpine nitrate or isoproterenol sulfate. The lung lavage procedure indicated above was then performed 10 min later. This time period was selected in order to assess the shortterm effects of the two secretagogues, because they have a clear cut effect in eliciting other exocrine secretions a few minutes after their administration to rats. Samples containing red blood cells or hemolytic products were discarded.
CHEMICAL ANALYSIS OF PULMONARY LAVAGE SAMPLES
Pooled saline lavages of each rat were centrifuged at 3000 rpm for 30 min at 4OC to remove cellular and insoluble material. The supernatant was carefully aspirated without pellet disturbance and dialyzed for 24 hr against 50 volumes of distilled water containing 0.001% ethylenediaminetetraacetate. Aliquots of lavage samples before and after centrifugation and after dialysis were analyzed for protein (14) and carbohydrate (8) content. The dialysates were flash evaporated, lyophilized, weighed, and then delipidated with N-butano1:acetone (1:l) and ether:chloroform:methanol (1:2:1). Organic solvents were pooled for each lavage sample, dried under nitrogen, and the lipids weighed. Separation of lipids into neutral lipid, glycolipid, and phospholipid fractions was achieved by silica gel chromatography (24) . Eluted lipids were dried under nitrogen and weighed. Thin layer chromatographic procedures were employed for the separation of neutral (29) and phospholipid (21) subclasses which were visualized by iodine vapor and the spots scraped from the plates. Esterified and free cholesterol were assayed by the direct Lieberman-Burchard reaction (10) . Phospholipid phosphorus was quantified by the procedure of Lowry et al. (15) .
Delipidated lavage proteins were dissolved in 3.0 ml distilled water and a portion assayed for total protein and carbohydrate.
For neutral sugar analysis, a similar aliquot was hydrolyzed in 0.6N HCI at 100°C for 4 hr and eluted in sequence through 0.8
x 8 cm columns of Dowex 1-4x (COa = form, 50-100 mesh) and Dowex 50-8x (H+ form, 200-400 mesh) with distilled water to remove amino acids, peptides, and acid. Neutral monosaccharides (effluent) were dried in 3.0 ml teflon capped vials and derivatized to their corresponding aldononitrile acetates according to the procedure of Varma et al. (31) . Analysis of aldononitrile acetate derivatives was performed on a Varian 2400 gas chromatograph equipped with a 3% OV-225/2.50% tetramethylcyclobutanediol succinate, 80/100 mesh Supelcoport, column programmed from 175-22S°C at 4OC/min. Isolation and quantification of total hexosamine was performed by the procedure of Boas et al. (1) . Sialic acid, liberated by hydrolysis in 0.05M &!So4 at 80°C for 1 hr, was determined by a thiobarbituric acid assay (32) .
RESULTS
Expressed in terms of animal body weight, the pulmonary lavage fluid of reserpine treated rats demonstrated mean increases in the total protein, lipid, and carbohydrate contents of 133, 170, and 12096, respectively, when compared to the values for control animals. These differences were statistically significant ( Table 1) . The mean protein and carbohydrate content of pulmonary lavage samples were elevated approximately 15-19% in control rats after the acute administration of the P-adrenergic agent is6proterenol and 9-10% in reserpine-treated animals. In contrast, pilocarpine increased the total protein, lipid, and carbohydrate contents of control lavage samples an average of 15% and increased these same constituents in the lavage samples of reserpine animals 98, 102, and SO%, respectively. These increases were significantly larger than those observed in control rats (Table 1) .
Lavage lipid analyses demonstrated that, when compared to controls, chronic treatment with reserpine decreased neutral lipids 34% and increased the phospholipid content 42%. Tables 2 and 3 indicate that pilocarpine and isoproterenol had varying effects upon lavage lipid composition. Pilocarpine decreased esterified and free cholesterol and increased phospholipids in controls, while it increased neutral lipid and free cholesterol and decreased the (Table 3 ) demonstrated slight variition in the two groups of animals in lavage content of phosphatidyl ethanolamine, phosphatidyl serine, and phosphatidyl inositol. Although an average increase of 18% was found in the phosphatidyl choline content of lavage samples from reserpine-treated animals, the change was not statistically significant. An acute injection of pilocarpine caused a further increase in the phosphatidyl choline content of lavage samples from reserpinetreated rats. In contrast, isoproterenol appeared to reverse the effect of reserpine by decreasing phosphatidyl choline values to control levels. Gas-liquid chromatographic analysis of protein bound sugars indicated that lavage protein contained a mean of 5.07% carbohydrate in all samples. Fucose, mannose, galactose, sialic acid, and amino-sugars were identified in a consistent percent ratio of 6.3 : 29.1 : 23.4 : 8.5 : 30.5, respectively, of total carbohvdrate composition (Table 4) . No &&cant &Terence in the pkrcent distribution of carbohydrate components were found in lavage samples from control and from reshine-treated rats. Free .was also present in lavage fluid, but this was removed during dialysis.
DISCUSSION
Our results demonstrate that the chronic administration of reserpine to rats results in alterations of the organic composition of pulmonary secretions, involving significant increases in the total protein, carbohydrate, and lipid contents of lavage samples obtained in the absence of stimulation. In addition, the response to stimulation with pilocarpine is enhanced in the treated animals, in terms of the secretion of these organic components, when compared to that of untreated controls. These observations suggest that, as was previously observed in th& submaxillary salivary gland (18, 19) , the drug treatment induces a hypersecretory state in the airways, involving an increased release of mucous glycoproteins. It appears, therefore, that the reserpine-treated animal model develops a fairly generalized exocrine gland disturbance, with characteristics that resemble those of CF patients (7) . The fact that this disturbance also affects the respiratory tract, a target organ which is prominently involved in CF, makes the animal model a useful tool for the further study of possible pathogenetic mechanisms in CF.
Chronic pulmonary disease, usually severe and progressive, is a prominent feature in CF (7). The basic pathologic lesion consists of obstruction by muwpurulent material, which accumulates presumably as a result of a hypersecretory state (6, 7). The increased secretion and the apparent alteration in the physicochemical properties of pulmonary mucous glycoproteins prompted a number of studies of their composition. Earlier findings suggested an alteration in the fucose to sialic acid ratios in the carbohydrate components of these glycoproteins (22) , but these changes were not subsequently confirmed. More recent investigations have also .
failed to denionstrate a consistent qualitative change in mucous glycoproteins in the respiratory secretions of the CF patient, with the possible exception of a higher percent of sulfated components, as demonstrated by both biochemical (2,3) and histochemical (12, 13) techniques. It is significant, therefore, that the results of our ' experiments indicate no significant difference in the percent distribution of neutral sugars, amino sugars, and sialic acid in the lavage samples of the reserpine-treated animals and of untreated controls, despite a significant increase in the total carbohydrate content of the former.
The mechanism through which chronic reserpine administration 'may induce an increased secretion of protein and of carbohydrate in the airways is not immediately apparent from the results of the present experiments. The pharmacologic action of this drug is a complex one and involves not only the depletion of norepinephrine from sympathetic nerve terminals (23) , but also direct effects on several metabolic functions of target tissues (27) . In the salivary glands, reserpine most likely alters membrane function and the utilization of energy (17) . It appears, therefore, that its effects on the secretory elements of the respiratory tree may involve more than one metabolic function and further study will be required to elucidate its exact mechanism of action. The physiologic control of mucous glycoprotein synthesis and secretion in the respiratory tract, as well as the source of these secretory products, remain obscure. Available evidence suggests that sibmucosalmucous glands respond to cholinergic, but not to adrenergic stimulation with an edanced release a macromolecules (5) . &her evidence has indicated, however, that repeated administration of a substituted amine causes a decrease in the synthesis, hut an increase in the secretion of guinea pig and human mucous glands and goblet cells (1 1) and Sturgess and Reid (26) found that both pilocarpine and isoproterenol induced goblet cell hyperplasia in the rat when administered for several days. Our results on the acute effects of these two secretagogues suggest that, in normal rats, stimulation with either pilocarpine or isoproterenol results in a 15% increase in the orgatiic components of lung lavage samples. These results, on the other hand, do not indicate whether the source of the glycoproteins is the same under both types of stimulation but, on the basis of the observations of Sturgess and Reid (26) , the cell that responds to isoproterenol may be a different goblet cell type than that affected by cholinergic stimulaiion. It is possible, therefore, that the overall secretion in the airways is a mixture of glycoproteins from different cell sources and results from a balance between parasympathetic and sympathetic influences on these sources. By interfering with the sympathetic input through depletion of norepinephrine, reserpine could alter this balanced regulation and enhance the effects of the cholinergic innervation while inhibiting those of B-adrenergic influences.
-
In conGast to theenhanced response to pilocarpine, the response to isoproterenol appeared to be somewhat reduced (although not significantly) in the reserpine-treated rats. Although chronic reserpine administration has been shown to cause a nonspecific type of supersensitivity in several tissues, such effect is frequently masked by the direct toxic effects of the drug on the effector cells (~l e r n i n~~e t al. (9) ). A similar masking ocs~persensitivit~ was ~reviouslv observed in salivary secretions in vivo (Martinez et al. i16)) and'the same effect couid occur in the cells that respond to isoproterenol stimulation in the airways.
A recent study of the lipids found in lung lavage specimens of CF patients showed that they constitute 30-40% of the insoluble material and that phosphatidylcholine was the predominant one (25) . In the present experiments, chronic reserpine administration was found to decrease the neutral lipid content of lung lavage samples obtained before stimulation, but to increase their phospholipid content. Stimulation with either pilocarpine or isoproterenol, furthermore, caused a slight increase in the phospholipid content of the lavage samples from control rats while it resulted in a decreased phospholipid content of the lavage fluid of reserpinetreated rats. The increase in the phospholipid content of the unstimulated lavage samples of reserpine-treated rats and the different response in phospholipid secretion to stimulation in these animals suggest that reserpine administration interferes with phospholipid metabolism in the lung. There is clear evidence that the source of phospholipids in lung secretions is the type I1 alveolar cells and a great deal is known about the metabolism of phosphp lipids in the lung (30) . The effect of chronic reserpine administration on lung lipid metabolism could be a complex one and further studies are necessary to determine whether this effect includes changes in the amount of lysophosphatides and free fatty acids and in the degree of saturation of fatty acids, as have been described in lung lavage samples of patients with CF (25) .
CONCLUSIONS
From the observation6 made in this investigation, we conclude that the chronic administration of reserpine to rats induces a hypersecretory state in the respiratory tract, involving an increased production of mucous glycoproteins and an enhanced secretion of these components in response to stimulation with pilocarpine. This effect also' involves the lipids, primarily as the result of changes in phospholipid secretion, but does not seem to be related to qualitative changes in the carbohydrate components of the glycoproteins. Because a hypersecretion of glycoproteins is a prominent feature in the lung of CF patients, these findings suggest that the reserpine-treated animal model will be a useful tool in the further study of possible pathogenetic mechanisms in CF.
